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ABSTRACT: The transesterification of soybean oil with glyc- 
erol, 1,2-propanediol, and methanol by an immobilized lipase 
in flowing supercritical carbon dioxide ior the synthesis of 
monoglycerides is described. A lipase from Candida antarctica 
was used to catalyze the reaction of soybean oil with glycerol, 
1,2-propanediol, ethylene glycol, and methanol. Reactions 
were performed in supercritical carbon dioxide at a density of 
0.72 g/L and at a flow rate of 6 pUmin (expanded gas). The sub- 
strates were added at flows ranging from 2.5 to 100 pL/min. 
Monoglycerides were obtained at up to 87 wt%, and fatty acid 
methyl esters at nearly 100 wt%. The reactivity of the alcohols 
paralleled the solubility of the substrate in liquid carbon diox- 
ide. Glycerol has the slowest reaction rate, only 2% of that of 
methanol. 
jA0C.S 74, 103-l 06 (1997). 

KEY WORDS: Lipase, monoglycerides, supercritical carbon 
dioxide, transesterification. 

also studied the continuous glycerolysis of olive oil by 
Pseudomonusfluorescens in a membrane bioreactor (3). The 
influence of water activity on this reaction has also been stud- 
ied (4). The authors found that, in their reactor, the yield of 
monoglycerides increased with decreasing water activity and 
that the highest monoglyceride yield (70%) was attained at 
the lowest water activity (0.23). Tallow has been converted to 
monoglycerides at a 50% yield by immobilized Mucor mei- 
hei lipase (5). at a 70% yield by lipase from P. jhorescenS (6) 
and at a 90% yield by a lipase from Pseudomonas sp. (7,8). 
Lipase G from Penicillium sp. has been used in hexane to cat- 
alyze the synthesis of monoglycerides from glycerol and fatty 
acids and fatty acid esters (9); a I ,3-specific lipase from Rhi- 
zopus delemar has been used in a microemulsion to prepare 
monoglycerides by selective removal of the fatty acids from 
the 1,3-positions of the triglyceride ( IO, I I ). Regioisomeri- 
tally pure l(3)-mc-monoglycerides have also been prepared 
by using several lipases and substrate combinations (12). 

The use of monoglycerides in pharmaceutical formulations and 
prepared foods continues to increase. In pharmaceuticals, 
monoglycerides are used as binders in tablets and as emollients 
for transdermal, slow-release drugs. In the food industry, they 
serve to stabilize emulsions in sauces and baked goods. The 
manufacture of monoglycerides is an energy-intensive process 
that involves heating (240°C) of a stirred emulsion of vegetable 
oil and glycerol in the presence of an inorganic catalyst. At the 
end of the reaction, the mixture is rapidly cooled to prevent the 
reverse reaction from decreasing the yield. The yield of mono- 
glycerides is usually around 40%, and the crude product is col- 
ored due to thermal degradation products. This mixture of free 
fatty acids, mono-, di-, and triglycerides is then distilled to give 
a food-grade material that is 90% monoglycerides. Glyceroly- 
sis technology and many of the patented processes have been 
reviewed by Sonntag (1). 

The use of supercritical carbon dioxide as a solvent and re- 
action medium for lipids has grown rapidly in recent years 
( I3,14). Supercritical carbon dioxide has several advantages 
over organic solvents (15): The solvent properties of super- 
critical carbon dioxide can be readily modified by adjusting 
pressure or temperature; the diffusivity of solutes in carbon 
dioxide is higher than in organic solvents. Carbon dioxide can 
easily be removed from the reaction products to minimize the 
need for costly downstream cleanup. When carbon dioxide is 
used in lieu of organic solvents, it has the additional benefit 
of being an environmentally benign process. 

There are now several reports on the use of lipases to cat- 
alyze the glycerolysis of fats and oils. Enzymatic syntheses 
have the advantage of catalysis at lower temperatures, which 
prevents the discoloration and alteration of unsaturated fatty 
acids that is common at elevated temperatures. Yamane et al. 
surveyed I3 kinds of microbial lipases for their ability to cat- 
alyze glycerolysis to corn oil in neat batch reactions (2) and 

In a previous study, we showed that an immobilized lipase 
from Candidu antarctica catalyzed the formation of fatty acid 
methyl esters from seed oils and methanol in flowing super- 
critical carbon dioxide (I 1). We also noted that glycerol 
formed as a result of the methanolysis and flowed out of the 
system with the products upon decompression. This sug- 
gested that glycerol could be a good reagent in supercritical 
carbon dioxide, despite its low solubility in carbon dioxide 
(16). In this paper, we report on the efficient reaction of glyc- 
erol, 1,2-propanediol, and ethylene glycol with soybean oil in 
flowing supercritical carbon dioxide. 

MATERIALS AND METHODS 

*TO whom correspondence should be addressed ar Food Quality and Safety Corn, soybean, and olive oils were from a local grocer. Cot- 
Research, NCAUR, ARS. USDA, 1815 N. University Ave., Peoria. IL 61604. tonseed oil was from P.V.O. Foods (Jacksonville, IL). Glyc- 
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erol and 1,2-propanediol were from Fisher Chemical (Fair 
Lawn, NJ). Ethylene glycol was from J.T. Baker (Phillips- 
burg, NJ). These reagents were used without further puritica- 
tion. Novozym 435 (C. antarctica) was purchased from Novo 
Nordisk (Danbury, CT). The immobilized enzyme is de- 
scribed by the manufacturer as having 7000 units/g toward 
propyl laurate. Karl-Fischer titrations were used to determine 
water content of the reagents and of the catalyst. The titrant 
was purchased from Aldrich Chemical (Milwaukee, WI). 

A rapid screen for reactivity of the enzyme and each sub- 
strate was performed with an Isco SFX 2- 10 extractor (Isco 
Inc., Lincoln, NE). Components of the reaction (1 g Novozym 
435, =50 mg oil and alcohol) were placed inside a IO-mL ex- 
traction cell, heated and pressurized to reaction conditions; 
after a period of 15-60 min, the products were swept from the 
cell into a receiver. The system used for the experiments with 
flowing CO, was a modified version of the apparatus previ- 
ously described (17). Owing to the low solubility of monoglyc- 
et-ides in supercritical carbon dioxide, the micrometering valve 
and the receiver were placed inside the oven so that the entire 
system was maintained at the reaction temperature (Fig. 1). For 
the reactions, Novozym 435 (10 g) was placed in a stainless 
steel vessel (0.8 x 10.2 cm), which had its end plugged with 
glass wool. Reagents were pumped into the carbon dioxide 
stream by separate syringe pumps ( I OODX pumps, isco, Inc.). 
Substrate volume ratios were chosen to give the highest con- 
version of soybean oil and were as follows (expressed as uL 
alcohol/uL soybean oil): glycerol. 0.5; I .2-propanediol and 
ethylene glycol, 0.75; methanol, 1.2. Carbon dioxide flow rates 
were controlled by a micrometering valve and measured with a 
dry test meter. Products were collected after depressurization 
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FIG. 1. Schematic of the system used for the reacttons in ilowing super- 
cntical carbon dioxide. (A) carbon dioxide inlet; (B) alcohol inlet; (C) soy- 
bean oil inlet; (D) 4-way tee; (E) reaction cell contaming lipase; (F) valve; 
(C) micrometering valve; (H) receiver; (J) gas vent to dry test meter; (K) 
pressure gauge. Dashed line represents the thermally controlled region. 

into a lOO-mL round-bottomed flask. Supercritical fluid chro- 
matographic (SFC) analyses were performed as previously de- 
scribed (11). Identification of transesterification products was 
previously determined by SFC retention times of standards and 
by retention times on reversed-phase high-pressure liquid chro- 
matography ( 18). 

RESULTS 

Screeningfor activity. Small-scale reactions were carried out 
in an Isco SFX 2- 10 extraction module to screen reaction con- 
ditions rapidly. Corn, cottonseed, olive, and soybean oils all 
were found to undergo the glycerolysis reaction in a similar 
manner. Conditions were optimized for soybean oil. The re- 
action occurred at temperatures of 40-70°C and pressures of 
20.7-34.5 MPa. A pressure and temperature of 27.6 MPa and 
70°C respectively, were found to be optimal. 

EfSect of water on trunsesterificution. Karl-Fischer titra- 
tions were used to measure the initial water content of the 
Novozym 435, which was found to be 1.4 wt%; separate glyc- 
erol supplies were 0.7 and 4.2 wt%; 1,2-propanediol was 2.1 
wt%; methanol, 0.01 wt%; ethylene glycol, 0.8 wt%; and soy- 
bean oil, ~0.1%. The glycerolysis reaction depended on the 
water content of the reagents. Glycerolysis with glycerol of 
4.2 wt% water content had only 60% of the activity of giyc- 
erol with 0.7 wt% water (Table I). We also observed an ex- 
tensive lag time (~3 h) at the start of the reaction before yields 
reached their ultimate levels. A sample of Novozym 435 that 
had been exposed to supercritical carbon dioxide and had 
converted several grams of soybean oil to methyl esters was 
analyzed for water, and it was 0.3 wt%. Apparently, the en- 
zyme has to be further dried to reach its maximal activity. 

Effect of substrateflaw rate. For these runs, glycerol flow 
was maintained at 50% of the flow of the soybean oil, which 
represents a 7-fold molar excess of glycerol. Higher ratios 
did not increase the monoglyceride yield substantially. In- 
creased flow resulted in a decreased percentage of conver- 
sion of the soybean oil, as may be expected because the 
amount of triglyceride exceeds the catalytic activity of the li- 
pase (Fig. 2A). The effect of higher temperatures is noted 
from these reactions as well. At 60°C and a flow of 50 
uL/min, enzyme activity is 5.4 ymol/min/g Novozym 435, 
whereas at 7O”C, activity is 7. I pmol/min/g Novozym 435, 
which is about 30% greater. However, soybean oil solubility 
is greater at 60°C (0.55 wt%) than at 70°C (0.35 wt%), which 

TABLE 1 
Effect of Water Content of Glycerol (weight%) on Product Distribu- 
tiona 

0.7% H,O” 4.2% H,OD 

Free fatty acids n.d.’ 1 
Monoglycerides 84.0 67.0 
Digiycerides 15.4 28.9 
Triglycerides 0.6 3.1 

“Conditions: Corn oil and glycerol flows 10 utfmin, 7O”C, 27.6 MPa. 
bProduct distributions in weight%. 
%.d., none detected. 
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TABLE 2 
Activity of Novozym 435 Toward Various Alcohols 

Alcohol Solubilityd Relative activityb 

Methanol Miscible 100 
1,2-Propanediol 66 mM 90.6 
Ethylene glycoi 32 mM 53.4 
Glycerol 5.4 mM 2.2 

‘Based on data in Reference 19. 
bRelative reactivity was calculated from reactions that resulted in optimal 
conversion of triglyceride for each alcohol. 

TABLE 3 
Fattv Acid Profiles of the Starting Soybean Oil and the Purified 
Monoglycerides 

Fatty acid 

16:O 
18:O 
18:l 

Soybean oil 

10.8 
4.2 

22.7 

Monoglycerides 

10.9 
4.2 

23.0 

1 a:2 53.2 52.9 
18:3 6.4 6.3 

I iionoester 

;mMG ! ously shown that Novozym 435 has broad activity in the 
O.Diester ! methanolysis of seed oils. However, as shown in Table 2, the 
ODG / reaction rates for transesterification with polyols vary consid- 

iS TG .__-. -- erably and parallel the solubility of each substrate in liquid 
C02. Generally, Novozym 435 proved to be stable under the 
above reaction conditions. All of the glyceroiyses were per- 

Flow rate of soybean oil @Urnin) 
FIG. 2. The effect oi ilow rate on the reaction of soybean oil with (A) 
glycerol, and itI) 1,2-propanediol. Abhrevial~ons: MC, monoglyceride; 
DC, diglyceride; TC. triglyccrlde. Mono- dnd dicstcr refer to the esters 
of 1.2.propanediol. 

suggests that the reaction takes place in a heterogeneous 
phase because at an oil flow of 50 pL/min, the supercritical 
fluid would be unable to solubilize all of this oil. 

The reaction rates of the transesterification of soybean oil 
with glycerol, I .2-propanediol, ethylene glycol, or methanol 
in supercritical carbon dioxide are difficult to compare but 
appear to be determined by the solubility of the alcohol in su- 
percritical carbon dioxide (I 9). This is despite the fact that 
complete solubilization is not necessary for transesterifica- 
tion. As mentioned above, the percentage of soybean oil that 
reacts with glycerol decreases as oil flow increases. However, 
examination of the effect of flow on conversion of 1,2- 
propanediol shows that conversion increases with increased 
soybean oil flow and, in fact, the conversion rate increases 
even at soybean oil flow rates that greatly exceed soybean oil 
solubility (Fig. 2b). At substrate flow rates of 100 pL/min. 
both the soybean oil and the 1.2-propanediol would precipi- 
tate out of the supercritical carbon dioxide. This suggests that 
the reaction occurs in a multiphasic mixture. Indeed, the li- 
pase-catalyzed reaction between I .2-propanediol and soybean 
oil occurs in the absence of solvent. Similar results were ob- 
tained with ethylene glycol, but this substrate denatured or 
greatly reduced the activity of the lipase during this study, 
which prevented acquisition of good data. We have previ- 

formed with a IO-g sample that transesterified about 100 mL 
of soybean oil. 

Fatty acid profile of the monoglyceride product. The prod- 
uct monoglycerides were purified by a solid-phase extraction 
method (20). The fatty acid profiles were determined by con- 
version of the monoglycerides and starting soybean oil to 
fatty acid methyl esters by using Novozym 435 and methanol. 
The profiles of the two materials are the same (Table 3), indi- 
cating that formation of the monoglyceride is random. This is 
contrary to a previous report concerning glyceroiysis with li- 
pase (2 I ,22), but it agrees with our results on the nonselec- 
tive methanolysis of seed oils with Novozym 435. 

In conclusion, the described synthetic method offers con- 
siderable advantage in regulating the solubilization of reac- 
tants and products by controlling the density of C02. Flow 
rate of the substrate (soybean oil) has a pronounced effect on 
the composition of the resultant product mixture and, when 
controlled properly, it can result in over 90% yield of mono- 
glycerides or monoester when using 1,2-propanediol. 
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